Summary. Six crosses were investigated using combining ability and generation mean analyses for reaction to cold tolerance in chickpea (Cicer arietinum L.). The combining ability variances revealed the significance of both additive and nonadditive gene effects, with preponderance of additive gene effects. The generation mean analysis revealed the presence of genic interactions in addition to additive and dominance gene effects. Among the interactions, additive x additive and dominance x dominance with duplicate epistasis were present. Cold tolerance was dominant over susceptibility to cold. Selection for cold tolerance would be more effective if dominance and epistatic effects were reduced after a few generations of selfing.
Introduction
In the Mediterranean basin, chickpea (Cicer arietinum L.) is traditionally a spring-sown crop. The research conducted at the International Center for Agricultural Research in the Dry Areas (ICARDA) has demonstrated that winter-sown chickpea has almost double the yield compared to the traditional spring-sown crop, provided cultivars possess tolerance to cold and Ascochyta blight [Ascochyta rabiei (Pass.) Lab.] Singh (1990) . More than 3,200 germ plasm accessions have been evaluated at ICARDA for cold tolerance, and sources of tolerance have been identified (Singh et al. 1989 ). However, little information is available to date on the inheritance of cold tolerance in chickpea (Malhotra and Singh 1990 ). Therefore, the present study was undertaken to investigate the nature of gene action involved in the inheritance of cold tolerance and to detect genic interactions, if present.
Materials and methods
Six single crosses of chickpea involving four parents (ILC 3470, that differed in reaction to cold tolerance were made during the 1985-86 season at Tel Hadya, Syria, the main experiment station of ICARDA. ILC 3470 was chosen because it possesses the best source of tolerance among the 5,000 landraces that ICARDA has evaluated. Likewise, FLIP 82-64C was found to have the highest level of cold tolerance to date among the t,000 breeding lines subjected to evaluation. FLIP 81-16C and FLIP 18-21C represent the 90% susceptible material at the center. Seeds of Fls and their parents were grown during the 1986-87 season to produce F 2 seeds and to make backcrosses. The materials, comprising four parents, six Fls, six F2s, and 12 backcrosses, were grown during 1987-88 in compact family blocks, following randomized block design with three replications. Each family block was represented by two parents, their Fls, Fzs , and backcrosses (BC 1 and BCz). Each of the parents, F 1, BCt, and BC2, were grown in a single-row plot and each Fz, in a six-row plot. Each row was 2 m long, and spacings between and within rows were maintained at 45 and t0 cm, respectively. The sowing was done on 28 September 1987 at the Tel Hadya farm. Nonexperimental susceptiblecum-indicator check rows were sown after every four test rows. The experimental area was fertilized at the rate of 50 kg P205 ha-1 Three irrigations of 50 mm each were performed, the first on 28 September, the second on 16 October, and the third on 5 November prior to the onset of rains. The autumn sowing was timed so that the plants reached the late vegetative stage when the cold spell started during December. Pre-emergence application of 3.0 kg a.i. of terbutrine and 0.5 kg a.i. ofpronamide ha-1 was carried out to control weeds.
The 1987-88 season had 21 days of freezing temperatures, with a low of -7.4 ~ The susceptible-cure-indicator rows were killed by early February 1988. Soon after the killing of indicator The mean data for parents, F1s , and Fzs for each replication were also used for combining ability analysis using Griffing's (1956 ) method 2, model 1. The individual values for cold tolerance for six generations (P1, Pz, F1, Fz, BC1, and BCz) in each replication were used for generation mean analysis (Hayman 1958) . The joint scaling test suggested by Cavalli (1952) was applied to test the adequacy of genetic models.
Results and discussion
Means of the parents, Fls, F2s , and backcrosses of six crosses for cold tolerance reaction are given in Table 1 . Perusal of means of Fls and parents exhibited no heterosis for cold tolerance.
Combining ability analysis
The analysis of variance for combining ability for parents and Fxs, and for parents and F2s, revealed the significance of mean squares due to general combining ability and specific combining ability (Table 2 ). This illustrated that both additive and dominance effects were important in the inheritance of cold tolerance in chickpea. Furthermore, of the two effects, the additive effects were more important, because the ratio between the estimate of variance component due to general combining ability (a2g) and specific combining ability (~rZs) was more than one.
Generation mean analysis
The results pertaining to the joint scaling tests and estimates of gene effects based on three or more parameter models are given in Table 3 . The test of goodness-of-fit using a joint scaling test for the three-parameter model for different crosses revealed the significance of z 2 for five out of six crosses. This showed that additive and dominance parameters alone were not adequate to explain the cold tolerance reaction in these crosses, and also that genic interactions may play a role in the expression of cold tolerance. The nature of gene effects in each of the six crosses is presented in Table 3 and is discussed below by cross.
Cross 1 (ILC 3470 x FLIP 81-16C).
The z 2 value using the five-parameter model involving m, d, h, i, and j parameters was close to zero, with 100% of the variation accounted for by these five parameters. This suggests there was nothing beyond these five parameters to explain the cold tolerance reaction in this cross. Furthermore, additive (d), dominance (h), and additive x additive (i) gene effects were significant.
Cross 2 (ILC 3470 x FLIP 81-21C).
The z 2 value was significant for all models involving different combinations. Thus, only the six-parameter model could explain the cold tolerance reaction in this cross. Perusal of z2 and 2) (Cross 6) * Significant at P~<0.05 ** Significant at P<0.01 + + Value in parenthesis is variance accounted for by the parameters in the model as proportion of total variance variances accounted for by each model indicated that the model with m, d, h, i, and 1 parameters accounted for 99.4% of the variation in cold tolerance and exhibited the lowest, but significant, z 2 value. Based on this model, the estimates of all five parameters were significant.
Cross 3 . The z 2 values for different models based on various combinations of parameters revealed that none of the models had a good fit. The estimates of all the parameters were significant in the six-parameter model.
Cross 4 . The ~z value was significant for all models, but was minimum for the model involving m, d, h, i, and e. These parameters contributed 99.8% toward total variation for cold tolerance reaction for this cross. Furthermore, the estimates of all these parameters were significant.
Cross 5 . The x 2 value was minimum and nonsignificant for the five-parameter model involving m, d, h, i, and 1. Only the estimates of m and d were significant for this model.
Cross 6 . The ~2 value based on the three-parameter model was nonsignificant. This indicated that the additive-dominance model was sufficient to explain the cold tolerance reaction in this cross and only that the h estimate was significant.
The joint scaling test generally revealed that the genic interactions were present and responsible for the expression of cold tolerance in chickpea. Examination of gene effects of all crosses revealed that both additive and dominance gene effects were significant for most of the crosses and were thus important. Previous cold tolerance studies using diallel cross analyses in chickpea (Malhotra and Singh 1990 ) and in pea (Markarian and Anderson 1966; Auld et al. t983) reported the significance of both additive and nonaddifive gene effects. Malhotra and Singh (1990) , using the graphical analysis of Jinks (1954), suggested the absence of genic interaction for cold tolerance. The reasons for such variations could be attributed to differences in the parental lines used for these analyses or to the inability of diatlel cross analysis to detect the interactions. Thus, this is the first study which indicated the presence of genic interactions in the expression of cold tolerance in chickpea. Furthermore, the fact that the coefficient of 'h' is negative in all the crosses indicates that tolerance to cold is dominant over susceptibility to cold in the present material. Also, the signs of h and 1 estimates, being opposite in almost all crosses, indicate the presence of duplicate epistasis. Although additive (d) and additive x additive (i) gene effects, which can be fixed, are present in almost all crosses, the presence of dominance (h) and duplicate epistasis would tend to retard the pace of progress through selection in early generations. Thus, selection for cold tolerance would be more effective if the dominance and epistatic effects were reduced after a few generations of selfing.
